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peculiar apocrine secretion mechanism by which all necessary enzymatic components of UPP
are introduced in the epididymal fluid and are in contact with maturing spermatozoa (Baska et
al., 2008). Secretion of ubiquitin and other proteins in epididymal fluid occurs through apical
blebs (Hermo and Jacks, 2002), large membrane enclosed vesicles of epididymal cell cyto-
plasm in which both secretory and non-secretory proteins appear to be concentrated. Besides
ubiquitin, the ubiquitin activating, ubiquitin-conjugating and deubiquitinating enzymes, as
well as various subunits of the ubiquitin dependent protease, the 26S proteasome, have been
detected in epididymal fluid (Baska et al., 2008; Jones, 2004). Proteomic analysis also identified
ubiquitin in epididymosomes, small epididymal cell-derived vesicles implicated in transferring
epididymal proteins to the sperm plasma membrane (Thimon et al., 2008). The concept of
ubiquitination and proteasomal degradation occurring on the cell surface or in extracellular
space is now being recognized as a non-traditional, extracellular function of UPP, extending
beyond the reproductive system (Sakai et al., 2004; Sixt and Dahlmann, 2008).

What makes defective spermatozoa recognizable to UPP? In general, it is protein damage by
misfolding/unfolding, oxidation, disulfide bond-reduction, deglycosylation, or sugar trimming
(Glickman and Ciechanover, 2002). A classical example is the ubiquitination and degradation
of misfolded amyloid proteins in the brain cells, which, when blocked, results in the formation
of amyloid plaques and accumulation of undegraded proteins characteristic of Alzheimer’s and
Huntington’s disease. Interestingly, amyloid-like protein aggregates have been recently found
in epididymal fluid and proposed to be a part of the epididymal extracellular protein quality
control (Cornwall et al., 2007). Regarding altered glycosylation, we observed that defective,
ubiquitin tagged bull spermatozoa acquire the ability to bind lectin LCA [(Baska and Sutovsky,
2005) and unpublished data]. Lectin LCA has high affinity for sugar-trimmed mannose-rich
glycoproteins known to be ubiquitinated during endoplasmatic-reticulum associated protein
quality control [ERAD; reviewed by (Spiro, 2004)]. Perhaps sperm surface glycoproteins could
be trimmed in defective epididymal spermatozoa by alpha-mannosidase, one of the abundant
glycosidases in epididymal fluid. Alternatively, glycosylases from epididymal fluid could rec-
ognize the altered sperm surface and attach immunoprotective glycans to the sperm surface,
as observed in defective human spermatozoa (Pang et al., 2007).

Studies of sperm ubiquitination in farm animal species

Flow cytometry has been used as an objective, automated, statistically robust measurement
of the relative levels of the above sperm biomarkers in farm animal and human semen. The
following observations were made from farm animal field studies:

® Ubiquitin correlates positively with bull sperm DNA fragmentation (Sutovsky et al., 2002).

® Ubiquitin levels change seasonally in stallions, mirroring the seasonality of stallion semen
output and quality (Sutovsky et al., 2003).

® Ubiquitin correlates negatively with conventional semen analysis end points (sperm count,
motility, percentage of normal morphology), but positively with relative levels of sperm
surface associate platelet activating factor-receptor (PAFr) protein in yearling bulls (Sutovsky
etal., 2007).

® Semen content of 15LOX measured by flow cytometry correlates negatively with litter size
in pigs bred by artificial insemination, whereas ubiquitin has negative correlations with
both litter size and farrowing rates. Both 15LOX and ubiquitin correlate positively with the
percentage of spermatozoa with a cytoplasmic droplet (CD) in boar semen (Lovercamp et
al., 2007a).






Molecular markers of sperm quality 253

immaturity (Amann et al., 2000; Arteaga et al., 2001), altered/poor diet (Hassan et al., 2004),
disease such as PRRSV in boars (Prieto et al., 1996), photoperiod changes (Sancho et al., 2004)
and irregular collection frequency (Pruneda et al., 2005).

There is a negative correlation between sperm cytoplasmic droplet retention by yearling bulls
and embryo cleavage following bovine in vitro fertilization (Amann et al., 2000). Spermatozoa
from bulls with a high percentage of retained CDs had reduced ability to bind to oocyte zona
pellucida, resulting in lower fertilization and cleavage rates in vitro (Thundathil et al., 2001).
Sperm-bound CDs in extended boar semen have detrimental relationships with pregnancy rates
and litter size (Waberski et al., 1994). Furthermore, these authors noted that CDs represent
the most frequent morphological abnormality in boar sperm used for Al. In an in vitro study
(Petrunkina et al., 2001), using sperm binding to explants of the pig oviductal epithelium of
the oviductal sperm reservoir, there was a significant negative correlation of the percentage
of sperm with attached CDs and sperm-explant binding. Furthermore, there was a negative
correlation between sperm motility and the percentages of spermatozoa with attached CDs. A
negative relationship was found between boar sperm CD-frequency, and farrowing rate and
total number born in an artificial insemination trial (Lovercamp et al., 2007a; Lovercamp et al.,
2007b). Boars with a farrowing rate below the average for the study had a higher number of
sperm with attached CDs, and an increased content of sperm ubiquitin compared to the boars
above the average farrowing rate.

Conclusions and perspectives

Collectively, the present review illustrates the utility of negative sperm quality markers in
male fertility evaluation in large animals. The major advantages of biomarker approach over
conventional semen analysis is its ability to accurately, and objectively, measure biomarker
levels in a large number of cells per sample, and to uncover hidden sperm defects, not mani-
fested in abnormal morphology. An added advantage of these high precision biomarkers is
the ability to discern subtle differences in fertility within the pool of fertile sires, as opposed to
extreme differences between fertile and completely infertile animals, revealed by conventional
analysis. Of interest is the characterization of biomarker patterns/levels in subfertile animals
with compensable vs. non-compensable sperm defects, and the ability to identify sires with
superior tolerance to semen cryopreservation, and those that can be distributed in Al doses at
higher dilution/lower sperm count per dose. The long-term goal of this work is to determine
which markers coincide most closely with pregnancy/non-return rates in cattle, and with preg-
nancy rates and litter size in pigs. This will facilitate commercialization and dissemination of
simple, but highly accurate and objective testing methods for the Al industry and farm animal
producers. Further efforts will be focused on understanding how these biomarkers correlate
with transient impairments of male infertility caused by heat stress, malnutrition, poisoning
or contagious diseases, and permanent fertility disorders caused by testicular or epididymal
disfunction, or injury.

Based on the presence of several biomakers on the surface of defective spermatozoa, mag-
netic nanoparticle-based methods are in development for depletion of defective spermatozoa
from semen samples during semen processing for cryopreservation. At the same time, efforts
are increasing to promote the use of novel flow cytometric instrumentation in farm animal and
human andrology. Besides targeting sperm proteins/surface ligands as biomarkers, genome
and transcriptome analyses will increasingly affect the field of andrology. The analysis of
sperm-borne RNAs in humans already revealed that, perhaps in parallel to our observations
of increased protein ubiquitination in defective spermatozoa, ubiquitin-proteasome pathway
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